For preparating biological samples to be irradiated, a 0.02-ml portion of the spore suspension was fed on a membrane filter (Millipore filter type HA, 9 mm in diameter), which had been placed on a wet filter paper pad mounted on a sample wheel. The sample wheel was mounted in a biological irradiation unit in a plane perpendicular to the cyclotron beam and swung vertically and horizontally over the square area 24x24 mm during irradiation for the dose uniformity. A monolayer of bacterial spores formed in this way on a membrane filter was exposed to charged particles of different energies at room temperature (-V20°C). Dosimetry was performed by the nuclear electronic meth od as previously described').
The absorption dose D in krad was calculated according to the following equation:
D=1.74x ZQ where L is the LET value in keV•/.m-1, Q is the charge input in nC and Z* is the ef fective charge number of ionizing particles') immediately after traversing a scattering foil. After irradiation, survivals were determined by the visible-colony counting method using Schaeffer's agar plates.
Electron microscopy was also carried out to reveal the geometry of the spore by the direct observation of the whole spore as well as the thin sectioning.') (e) 60Co r-rays; D37= 63.5 krad.
RESULTS AND DISCUSSION
All survival curves determined in this study for a-particles and heavy ions of carbon, nitrogen and oxygen as well as for 60Co r-rays were exponential (Fig.  2) . From the viewpoint of the target theory, this means that the inactivation of a sensitive target in the spore is a single lethal-hit process. Effective in activation cross section (effectiveness per particle), Seff, was calculated using these survival curves expressed by the relation N/NO=exp (-Seff¢), where N,/NO is the surviving fraction for given flu ence ¢. The 37% dose, D37, is given by the relation D37=Lm ¢37, where ¢37 is the corre sponding fluence and L. the unrestricted LET of the bombarding particles. With respect to the LET dependence on the inactivation constant, k (=1/D3,), it was found that the values of k increased with the unrestricted LET and the RBE attained to a maximum at about 120 keV. fcm-1 followed by the decrease in the RBE for higher LET regions (Fig. 3) . The value of k for 60Co r-rays was found to be 0.0157 (krad)-1. Appearance of the maximum peak on a RBE-LET curve as observed in the present ex periment seems difficult to reconcile with the exponential survival curve, if one would consider that the exponential type of survival curve could be ascribed to the lethal-hit caused by a primary activation of an ionization. However, the similar observation has been reported with the dried spore of Bacillus megaterium1) and cultured human kidney cells'). These results have been interpreted by several theoretical analysis1'8'9>. Accord ing to Barendsen8) and Oda9) it would be explained that the inactivation of the spores is caused by at least several primary activations and that the single traversal of a par ticle may give rise to many primary activations within a short length of the particle track, as will be mentioned below. This value was evalu ated from the mean values of Seff obtained for a-particles of the total LET higher than 180 keV . m-1 and it is not so much differ ent from the projected area of the spore core determined by the electron microscopy (-v0.12um2). Using Sast value of 0.1451am2, the LET dependence of Seff for a-particles was analyzed by essentially the same meth od as Pollard, Hutchinson and Setlow10), Barendsen8) and Oda9>. Since Seff values for heavy ions show energy-independent char acteristic, the energy dissipated by high energy 3-rays at a considerable distance from the track core of the particle may not contribute to the inactivation of spores. To derive the relation between Seff and the number of primary activations along the particle track, an appropriate correction for 5-rays must therefore be made for estimating the restricted LET. Accordingly, a cut off energy of 200 eV was employed for 6-rays according to Barendsen8). To estimate the number of primary activations or ionizations, n, which have to be produced within a critical length t of a particle track to result in the spore inactivation, the experimental data in Fig. 4 are compared with theoretical curves derived from the equation : Fig. 4 . Relation between the effective inac tivation cross section, Seff, and the LET200 of a-particles. The cut-off energy of 5-rays was chosen to be 200 eV. Solid and broken lines show the results of least square analysis to fit equation (1) for the experimental data, when saturation levels are chosen to be 0.145 and 0.24 um2, respectively (see text).
j=0 where f; is the probability that an incident particle gives j ionizations within a critical length t. The probability f; is given by the Poisson distribution as follows :
where L200 is the LET for a cut-off energy of 200 eV and (t L200/ W) is the average number of ions produced within a critical length t. Assuming an average energy (W) of 35 eV8 required to form an ion pair, the best fit of equation (1) to experimental data was ob tained for n=6-7 and t=2.7.3.1 nm from the least square analysis. According to Barendsen8), the steepest rise in effectiveness per particle must correspond to an LET, whereby the average number of ions produced within the critical length t of the track equals the number of n ionizations required for a single lethal-hit.
From Fig. 4 , the ste epest rise occurs at a track-core LET of about 70 keV.1am-1. Thus, the critical track length t is calculated to be t= 35 x 6 eV =3 nm or 35 x 7 eV =3.5 nm 70 k eV . m 1 70 keV . tm-1 for n=6 or 7. The value of t thus estimated is consistent with that obtained by the least square analysis. This fact seems to confirm the validity of such estimation.
From the viewpoint of the target theory, the range of 5-rays having an energy corresponding to the cut-off energy 200 eV should be nearly equal to this critical length').
Since the range of 200-eV electron is about 3 nm'1 , it seems to be consistent with the critical track length calculated above. The values of Seff for heavy ions were found to be high er than Sast and they increased in the order carbon ions, nitrogen ions and oxygen ions. Energy dependence of Sff for each ion was scarcely observed and the mean values of S,, for C-ions, N-ions and 0-ions were found to be 0.220, 0.233 and 0.256 µm2, respectively (Fig. 5) . A simple least square analysis using equation (1) Attempts were also made to interpret the discrepancy between Sast and S<« for heavy ions by the effect of high-energy 5-rays, utilizing theories developed by Dolphin and Hutchinson12) and Oda9). However, such attempts failed mainly because S I1 for heavy ions are almost independent of their energies (Fig. 5) . The theory developed by Katz and Sharma13>, especially Fig. 2 in their paper, may be applicable to interpret the dif erence between Salt and S<« for heavy ions. Whether the energy-independent character istics of S, values for heavy ions can be explained by their theory is now under study. Such a large difference between SSst and S<« values for heavy ions suggests that very high LET particles are lethal on their traversal not only through the nuclear region of the spore, that is, the spore core but also through its other parts. This is in accord ance with the results obtained by Powers et al. for Bacillus megaterium1).
However, a conclusion that the target area of the spore for heavy-ion inactivation corresponds to the whole area without the spore coat should be reserved, since S 1, values for heavy ions studied here (0.22---0.26 µm2) appear somewhat smaller than the latter value esti mated from electron micrographs (-0.32 ± 0.01 µm2). It also remains open to the criti cism that the discrepancy between Sast and S<« for heavy ions may be ascribed to long range effects (e. g. thermal spike effect) of bombarding particles of extremly high LET as suggested by Norman 14>, Kondo15) and Oda'6 , though details of such theories are not yet well examined.
As will be reported elsewhere, it has been found in a separate ex periment that the discrepancy between Ss' and S<<f for heavy ions is also observed with E. coli B,,-, and E. coli B/rl'>.
